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DOI: 10.1039/c2nr30837aIn spite of extensive studies conducted on carbon nanotubes and silicate layers for their polymer-based
nanocomposites, the rise of graphene now provides a more promising candidate due to its exceptionally
high mechanical performance and electrical and thermal conductivities. The present study developed
a facile approach to fabricate epoxy–graphene nanocomposites by thermally expanding a commercial
product followed by ultrasonication and solution-compounding with epoxy, and investigated their
morphologies, mechanical properties, electrical conductivity and thermal mechanical behaviour.
Graphene platelets (GnPs) of 3.57  0.50 nm in thickness were created after the expanded product was
dispersed in tetrahydrofuran using 60 min ultrasonication. Since epoxy resins cured by various
hardeners are widely used in industries, we chose two common hardeners: polyoxypropylene (J230) and
4,40-diaminodiphenylsulfone (DDS). DDS-cured nanocomposites showed a better dispersion and
exfoliation of GnPs, a higher improvement (573%) in fracture energy release rate and a lower
percolation threshold (0.612 vol%) for electrical conductivity, because DDS contains benzene groups
which create p–p interactions with GnPs promoting a higher degree of dispersion and exfoliation of
GnPs during curing. This research pointed out a potential trend where GnPs would replace carbon
nanotubes and silicate layers for many applications of polymer nanocomposites.Introduction
Since the new millennium polymer nanocomposites have
attracted increasingly more interest in academia and industries
owing to their significantly improved or new properties beyond
those of traditional particle-filled composites. Of all nano-addi-
tives for nanocomposites, carbon nanotubes and silicate layers
were the most extensively studied due to their high specific
surface area, mechanical strength and/or electrical and thermal
conductivities.1,2 In spite of these studies, it has not yet reached
a situation where polymer–carbon nanotube composites are
suitable for large-scale commercial application because of the
difficulty in disentangling these tubes and their high
manufacturing costs in comparison with silicate layers.3–5 On the
other hand, polymers containing layered-structure filler, such as
clay, have attracted greater interest because of the filler’saSchool of Advanced Manufacturing and Mechanical Engineering,
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4578 | Nanoscale, 2012, 4, 4578–4586exceptionally high specific surface area, two-dimensional sheet
geometry, low cost and facile nanocomposite fabrication.6–8
Based on their extensive research,9–14 Zhang et al. have achieved
the commercial production of polymer–clay nanocomposites (i)
in Hainan Province of China for fabricating the tyre tread used in
heavy trucks and the cover layer of conveyor belts with high
chipping- and chunking-resistance and (ii) in Jilin Province of
China for manufacturing the inner tyre layers of low
permeability.
The development of electronic and aerospace industries
requires mechanically robust, electrically and/or thermally
conductive, cost-effective materials to meet various demands.
Silicate layers are unable to suit these demands; by contrast,
graphene—hailed as the next generation of materials—holds
great potential, because it is the strongest material measured to-
date, can elongate by 25% of its original length, and possesses
higher electrical and thermal conductivities than those of
copper.15 Our previous studies show that graphene platelets
toughen brittle epoxy resins more effectively than modified sili-
cate layers.16,17 However, a major challenge is how to fabricate
cost-effective, electrically conductive, high-performance layered
polymer nanocomposites. Since carbon-based graphene is more
compatible with most polymers than silicon-based clay,
a hypothesis made in this study was that directly compounding
graphene with polymers without interface modification may beThis journal is ª The Royal Society of Chemistry 2012
suitable for the development of electrically conductive,
mechanically robust polymer nanocomposites.
Two methodologies have been developed to fabricate poly-
mer–graphene nanocomposites. One is to compound polymers
with reduced graphene oxide, which involves heavily oxidizing
graphite with strong acids, exfoliating in water or polar solvent,
and reducing by strong reductants or thermal treatment with
a special furnace equipped with a quartz tube and operated in an
inert atmosphere.18 The other is to expand a commercial graphite
intercalation compound (GIC) using a common furnace and
then mix the expanded product with polymers. It is estimated
that the cost of graphite oxide is 20–30 USD kg1 excluding the
reduction cost,19 while commercial GIC is only 6–10 USD kg1.
Thus, the method of expanding GIC seems more appropriate for
fabricating polymer nanocomposites on the condition that this
method is able to produce sufficiently thin platelets whose
mechanical and conductive performances are comparable to
those of graphene.
In this study, we will expand a commercial graphite interca-
lation compound (GIC) using a common furnace and the
expanded product will be dispersed in a solvent by sonication to
produce graphene platelets (GnPs). As shown in Scheme 1, GnPs
will be compounded with epoxy to produce electrically conduc-
tive, highly toughened epoxy–GnP nanocomposites. Upon
curing by a variety of hardeners, epoxy resins possess different
crosslinking densities and thus different stiffnesses and strengths,
which make epoxy widely used in industries. Although all cured
resins are known for low fracture resistance due to their homo-
geneous structure, highly crosslinked resins are intrinsically
brittle, implying poor resistance to crack propagation.20–22
Nowadays research on toughening epoxy by graphene has just
started towards applications such as electromagnetic shielding,
electrochemical capacitors, light emitting devices, antistatic and
corrosion resistance.23,24 However, it still remains a challenge to
cost-effectively fabricate epoxy–graphene nanocomposites of
high electrical conductivity and toughness and it is not clear
whether there is any effect of hardeners on the structure and
properties of these nanocomposites. The present study will
address these challenges. The use of GnPs to manipulate these
properties concurrent with our cost-effective production would
hold a potential key in future mass-production of epoxy
composites for many applications.Scheme 1 Fabrication of epoxy–graphene platelet nanocomposites.
This journal is ª The Royal Society of Chemistry 2012Experimental parts
Materials
Graphite intercalation compound (Asbury 3494) was provided
by Asbury Carbons, Asbury, NJ. Epoxy resin, diglycidyl ether of
bisphenol A (DGEBA, Araldite-F) with an epoxide equivalent
weight of 182–196 g equiv.1 was purchased from Ciba-Geigy,
Australia. Two types of hardeners, namely polyoxypropylene
(J230, Mw 230) and 4,4
0-diaminodiphenyl sulfone (DDS,
Mw 248) provided by Huntsman, were used at epoxy/hardener
weight ratios of 100 : 30 and 100 : 33, respectively.Synthesis of epoxy–graphene platelet nanocomposites
One gram of graphite intercalation compound was carefully
transferred into a crucible which had been preheated in a furnace
at 700 C. After one minute of heat treatment, the crucible was
moved out to sit on a ceramic plate for 30 seconds. Then the
expanded product was transferred into a container. The operator
must wear a respirator, safety glasses, heat-resistant gloves and
closed shoes; the furnace should be placed in a fume cupboard.
One gram of expanded product was dispersed in 100 g of
tetrahydrofuran (THF) using a metal container. The container
was covered and treated in an ultrasonic bath (200 watts and
42 kHz) for two hours to obtain a uniform suspension of gra-
phene platelets (GnPs); the temperature was controlled at 10 C
by connecting the bath with a freezer, since low-temperature
ultrasonication produced a better nanofiller dispersion than high
temperature ultrasonication.17
DGEBA dissolved in acetone was added to the mixture and
mixed by a mechanical stirrer for 30 minutes, followed by 1 hour
of sonication at 10 C. The solvent was evaporated through
mechanical mixing at 120 C for 1 hour. Then the mixture was
degassed in a vacuum oven at 120 C for at least 3 min to remove
traces of solvent and air bubbles. A stoichiometric amount of
hardener J230 or DDS was added and mixed through mechanical
stirring at 50 C for 2 min or at 130 C for 20 min, respectively.
After the resultant mixture was highly degassed in the oven for 5
min, it was poured into a preheated and pre-greased rubber
mould, followed by curing: (i) J230-cured system at 80 C for
3 hours and at 120 C for 12 hours and (ii) DDS-cured system at
140 C for 14 hours.Characterization techniques
AFM images were taken of the GnPs with a NT-MDT SPM
instrument with NSG03 non-contact ‘‘golden’’ cantilevers. The
samples were prepared by (i) suspending GnPs in THF at 0.0004
wt% through60minultrasonication and (ii) dropping the solution
on a silicon wafer followed by drying. X-ray diffraction (XRD)
was performed using a Mini-Materials Analyser at room
temperature. The tube voltage applied was at 35 kVwith anX-ray
power of 1 kW. Raman spectra were recorded on a Renishaw
inVia Raman microspectrometer with 633 nm laser excitation.
Transmission electron microscopy (TEM) was conducted
using a Philips CM200 at 200 kV. Ultrathin sections of 50 nm
were microtomed from bulk samples using a Leica Ultracut S
microtome equipped with a diamond knife and collected on 200-
mesh copper grids. The fracture surface of compact tension (CT)Nanoscale, 2012, 4, 4578–4586 | 4579
Fig. 1 Characterization of graphene platelets using atomic force microscopy and a Raman spectrometer.specimens was observed by a Philips 505 scanning electron
microscope (SEM) at 10 kV. Prior to examination, the specimens
were surface-coated with a thin layer of platinum.
Tensile testing was performed at 0.5 mm min1 at room
temperature using an Instron 5567. An Instron extensometer
2630-100 was used to collect accurate displacement data for
moduli which were calculated using 0.005–0.2% strain. Fracture
toughness testing was carried out using an instantly propagated
crack which was introduced to each sample by a razor blade
tapping method.25 Six specimens were tested for each set of data
at 0.5 mm min1. The plane-strain fracture toughness (K1c) and
critical strain fracture energy release rate (G1c) of CT specimens
were calculated and verified according to ASTM D-5045.
A Dynamic Mechanical Analyser 2980 was employed to
obtain the glass transition temperature of neat epoxy and its
nanocomposites. Rectangular samples were clamped using
a single cantilever clamp with a supporting span of 20 mm. The
scanning was done from 50–120 C and recorded at 2 s per point.
Electrical conductivity measurements were obtained at room
temperature through a conventional two-point-probe conduc-
tivity measurement device (Agilent). The test was conducted
according to ASTM D257-99 and five values were taken to
measure the average volume resistivity at 5 V.
Results and discussion
Analysis of graphene platelets
Graphene platelets (GnPs) were first dispersed in tetrahydro-
furan (THF) by ultrasonication, and then their suspension was
dropped on a silicon wafer and dried. After ten GnPs were
randomly selected and measured for thickness by atomic force
microscopy (AFM), we obtained an average thickness of 3.57 
0.50 nm. Fig. 1a and b show one of the measurements. Since
previous research has shown that corrugation of graphene can
increase its thickness to1 nm,26 each of our GnPs may comprise
3–4 layers of graphene when dispersed in THF.Table 1 Elemental analysis of graphite interaction compound (GIC)
and graphene platelets (GnPs)
Name C atomic ratio, % O atomic ratio, %
GIC 83.8 16.2
GnPs 90.3 9.73
4580 | Nanoscale, 2012, 4, 4578–4586When GnPs were dispersed in the solvent N-methyl-2-pyrro-
lidone (NMP), their thickness was measured to be 2.51 
0.39 nm. It was observed that GnPs suspend for longer in NMP
than in THF, implying that NMP is a better solvent to produce
thinner GnPs although NMP is inconvenient for solution com-
pounding due to its high-boiling point. With increasing the
number of graphene layers from one to three, stiffness does not
change and fracture strength reduces 23% from 130 GPa toFig. 2 XRD plots of epoxy–GnP nanocomposites cured by (a) J230 and
(b) DDS. All graphs were vertically shifted for clarity.
This journal is ª The Royal Society of Chemistry 2012
101 GPa.27 Given that the fracture strength of most polymers
ranges from 1 to 80 MPa, these GnPs are indeed sufficiently
robust to toughen or reinforce polymers.
Graphite intercalation compound (GIC) and GnPs were
examined by a Raman spectrometer regarding their hybridized
carbon structure. In Fig. 1c, both samples show absorption at the
D, G and 2D bands at around 1340 cm1, 1585 cm1 and 2690
cm1, respectively. The D band intensity corresponds to in-plane
vibration of sp3 hybridized carbon atoms, while the G band
intensity refers to that of sp2 hybridized carbon atoms.28,29 The
ID/IG of GIC is merely 0.25, much lower than those of graphite
oxide that originated from the oxidation method,30–33 implying
that our starting GIC possesses a far lower oxidation degree and
thus sound structural integrity for high functionality and
mechanical performance. Through thermal treatment using
a common furnace, ID/IG reduces to 0.06 and this means an
increase in the quantity of sp2 hybridized carbon atoms. Virtually
no difference in the 2D band intensity between GIC and GnPs is
seen, because both testings were conducted on powder samples.
The high sp2–sp3 hybridized carbon atoms of GIC and the
increased quantity of sp2 hybridized carbon through thermal
treatment are further confirmed by elemental analysis, shown in
Table 1, where the high C–O ratio observed for GIC is further
enhanced through thermal treatment.Table 2 Integration area under diffraction at 26
Materials
Area under diffraction at 26
J230-cured system DDS-cured system
0.244 vol% 47.7 Nil
0.489 vol% 45.7 50.1
0.984 vol% 89.8 82.9
1.988 vol% 177.2 140.0
Fig. 3 Hardeners used in this study.
Fig. 4 TEM micrograph of epoxy–GnP nan
This journal is ª The Royal Society of Chemistry 2012X-ray diffraction spectra
Fig. 2 contains XRD patterns of two sets of epoxy–GnP nano-
composites: one was cured by polyoxypropylene (J230) and the
other by 4,40-diaminodiphenyl sulfone (DDS). A wide diffraction
from 11 to 28 observed for both sets is caused by the scattering
of cured epoxy molecules, and a sharp diffraction at 26.7 is
associated with layered crystalline GnPs. A similar pattern was
observed by Ganguli et al.34 This diffraction angle corresponds to
an interlayer spacing of d002 ¼ 3.35 A, determined from Bragg’s
law (nl ¼ 2dsinq where l ¼ 1.5406 A). The appearance of this
diffraction means that part or all of the layered structure of GnPs
is retained in the nanocomposites, which needs further investi-
gation by TEM.
The diffraction intensity at 26.7 in both systems enhances
with increases in GnP content, and this implies that more
platelets are stacked at higher fractions. In spite of the similarity
between XRD patterns of these two groups of nanocomposites,
analysis using the area under the diffraction shows differences. In
Table 2, the area values for the J230-cured system, at nearly all
fractions, are larger than those for DDS-cured nanocomposites,
indicating that GnPs disperse and exfoliate better in the DDS-
cured system. In Fig. 3, which contains the molecular structure of
the two hardeners used, DDS features benzene groups. Benzene
group-based molecules are well known for their affinity, by p–p
interaction, with graphene.35,36 When DDS was mixed with
epoxy and GnPs, it was more readily intercalated into the layer
spacing of GnPs than J230 was; during curing, the intercalated
DDS molecules reacted with epoxy molecules promoting the
separation of platelets. Thus, DDS-cured nanocomposites show
a higher degree of dispersion and exfoliation.
Transmission electron microscopy
Fig. 4 presents TEM micrographs of the 0.984 vol% epoxy–GnP
nanocomposites cured by DDS. Two types of dispersion phase
are observed in Fig. 4a: uniformly dispersed GnPs of lateral
dimension smaller than 1 mm and GnP clusters which are over
a few microns in lateral size. The light horizontal band across the
image would be a defect produced during microtoming. As
marked by white arrows, cracks were initiated by microtoming
within each cluster, indicating that clusters would act as defects
posing a negative effect on the mechanical performance. When
a part of a typical cluster was examined at a higher magnifica-
tion, Fig. 4b, it was found to consist of thin layers of graphene,
a void and thick aggregates. In Fig. 4c, these thin layers of gra-
phene show rolled and corrugated structures, as pointed out by
white arrows; these features would be produced by curing, as
they are similar to what we observed in epoxy–GnPs nano-
composites fabricated by ultrasonication and chemicalocomposites (0.984 vol%) cured by DDS.
Nanoscale, 2012, 4, 4578–4586 | 4581
modification (Fig. 7b in ref. 17). When the black arrow-pointed
region was observed under diffraction mode, clear crystalline
diffraction was found. In comparison with the diffraction image
of single layer graphene,37 our diffraction pattern implies that the
total number of graphene layers would be lower than five; this
number is in agreement with the previous AFM analysis in
Fig. 1a. It means that GnPs without interface modification are
able to disperse in a polymer matrix separately, although they do
form clusters.Tensile properties
Fig. 5a and b show mechanical performances of neat epoxy and
its nanocomposites cured by J230 and DDS, respectively. The
DDS cured-system shows a higher modulus than the J230 cured-
system because the DDS backbone contains benzene and sul-
phone groups, providing the network with more rigidity.38,39 The
Young’s modulus of epoxy obviously improves with increasing
GnP fractions due to the exceptional stiffness of 1 TPa of gra-
phene. Detailed analysis of the increment is contained in Tables 3Fig. 5 Young’s modulus and tensile strength of epoxy–graphene platelet
nanocomposites cured by (a) J230 and (b) DDS. The closer to 1
a correlation coefficient R2 is, the better the regression line fits into the
data.
4582 | Nanoscale, 2012, 4, 4578–4586and 4. At all fractions, the J230-cured system demonstrates more
modulus increase than the DDS-cured system, which is explained
as the stiffening effect of graphene being less pronounced in
a stiff matrix.
By contrast, tensile strength reduces with increase in GnP
content, similar to what we observed in nanoclay-toughened
epoxy.16 The matrix stiffness plays a key role in the effect of
layered additive on the tensile strength of nanocomposites:
tensile strength is often improved by layered additive in an
elastomeric matrix,40,41 while it would be reduced in a stiff matrix
such as brittle epoxy resins. Hence, it is reasonable that the DDS-
cured system shows more reduction in tensile strength than the
J230-cured system.Fracture toughness
Fig. 6 illustrates fracture toughness K1c and critical strain energy
release rate G1c of neat epoxy and its nanocomposites. Both K1c
and G1c increase steadily with increases in GnP fractions,
reaching amaximum at 0.984 vol%, and then start to decline. The
justification of such increases could be described as: (i) GnPs
acting as stress concentrators to absorb fracture energy, (ii) GnPs
acting as obstacles, preventing cracks from propagating and thus
consuming energy and (iii) crack tip blunting due to fracture of
GnPs and/or debonding of the matrix–GnP interface.42,43
With 0.984 vol% GnPs, G1c increases from 178.1 to 462.9
J$m2 for the J230-cured system, a 160% improvement, and from
67.4 to 453.6 J$m2 for the DDS-cured system, a 573%
improvement. Although the absolute G1c values at nearly all
volume fractions are higher for J230-cured nanocomposites, the
G1c improvements in DDS-cured nanocomposites are much
greater. Toughening is usually difficult for a more brittle resin.
Since DDS-cured epoxy is more brittle than J230-cured epoxy,
toughening the former is more challenging. For example, 10 wt%
silica particles of 25 nm in diameter produced a G1c improve-
ment of 110.3% for J230-cured epoxy and of only 49.3% for the
DDS-cured one;38 and 5 wt% rubber particles of 55 nm in
diameter produced a G1c improvement of 877.1% for J230-cured
epoxy and of merely 378.1% for the DDS-cured one.39 However,
our GnPs have achieved a 573% improvement in G1c for the
DDS-cured system in comparison with 160% for the J230-cured
system. This far higher improvement in the DDS-cured system is
explained by the better dispersion and exfoliation of GnPs in
epoxy when cured byDDS. Due to its affinity viap–p interaction
with graphene, DDS during fabrication intercalates between
GnPs more effectively than J230, promoting a higher degree of
dispersion and exfoliation of GnPs. This corresponds to XRD
analysis.Thermal properties
Table 5 tabulates glass transition temperatures (Tgs) of neat
epoxy and its nanocomposites. Obviously, Tg of neat resin for
both systems increases with addition of GnPs, in line with many
previous studies.16,17,44,48 At 0.244 vol%, Tg improves by 17.6%
for the J230-cured system and 9.3% for the DDS-cured system.
This was attributed to the large surface area of GnPs, which
restricts the matrix molecules’ vibration through the Tg region,
thus causing longer relaxation times for these crosslinked chains.This journal is ª The Royal Society of Chemistry 2012
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Fig. 6 Fracture toughness K1c and energy release rate G1c of epoxy and
its nanocomposites cured by (a) J230 and (b) DDS.Although GnPs disperse and exfoliate better in the DDS-cured
system, they produce a lower Tg enhancement. This is probably
because the DDS-cured molecular network is stiffer and thus it is
more difficult to increase the relaxation time. The trend of Tg
improvement does not correlate well with increase in GnP frac-
tions – the largest improvement was observed at 0.244 vol% for
both epoxy systems, implying the insensitivity of Tg improve-
ment to GnP fractions.
Table S1† compares our improvement of toughness and Tg
with those in previous studies. The comparisons were made
based on the closest value of Young’s modulus since toughness
improvement depends on matrix stiffness. Our GnPs toughenTable 5 Glass transition temperature and volume resistivity of epoxy and it
Composite (vol%)
Cured by J230
Tg (
C) Volume resistivity
Neat epoxy 83.4 1.02  1016
0.244 98.1 2.95  1017
0.489 90.4 3.52  1016
0.984 96.6 1.38  1012
1.988 88.1 1.43  107
4584 | Nanoscale, 2012, 4, 4578–4586epoxy and improve Tg far more effectively than clay and multi-
wall carbon nanotubes.
Electrical conductivity
Table 5 shows that compounding with GnPs reduces the epoxy
electrical resistivity significantly, and percolation thresholds are
observed at 0.736 vol% and 0.984 vol% for DDS-cured and
J230-cured systems, respectively. These thresholds were further
modelled by a power law equation sc ¼ sf(j  jc)t, where sc is
the conductivity of nanocomposites, sf the conductivity of fillers,
j the filler volume fraction, jc the percolation volume fraction
and t the critical exponent. The respective percolation threshold
and critical exponent obtained for the DDS system are 0.612
vol% and 2.57, and for the J230 system are 1.333 vol% and 2.79.
Both systems without GnPs are essentially insulative showing
electrical resistivity of 2–10  1015 U m, and their enhancement
patterns of electrical properties with increasing GnPs are pretty
similar. The increase in electrical conductivity is attributed to the
formation of an effective percolating network produced by
GnPs, which provides a direct tunnel for electron path
transmittance.45,46
Fractography analysis by SEM
Fig. 7a–f contain SEM micrographs of the fractured compact
tension surface of the 0.984 vol% epoxy–GnP nanocomposite
cured by DDS. Since the neat epoxy fracture surface is well
known for being relatively smooth and mirror-like,39,47,48 it is not
included in this study. By contrast, the nanocomposite shows
a typically rough fracture surface (Fig. 7a) which implies a large
amount of energy consumed during crack propagation, resulting
in a high fracture toughness (Fig. 6). Fig. 7b shows a magnified
region in the instantly propagated crack zone made by tapping
a razor blade rather than by loading. A few clusters were
observed, as indicated by red arrows, consistent with what was
seen in Fig. 4a.When a typical fracture zone is magnified, Fig. 7c,
it clearly shows GnPs pulled-out as indicated by red arrows,
explaining that interfacial debonding has occurred between
GnPs and matrix. The GnP breakages are also observed as
indicated by white arrows. Fig. 7d shows a magnified represen-
tative region from the slow fracture zone (also known as stress-
whitening zone), where two features are observed: voids and
clusters indicated by white and red arrows, respectively. It is
noted that most crack propagation occurred near clusters, in
alignment with our TEM analysis. When the image is magnified
(Fig. 7e), more layer breakages (as pointed out by a white arrow)
and GnP pull-outs (red arrows) can be found. This can be
explained by a crack undergoing a tilt and twisting under a mixeds nanocomposites cured by J230 and DDS at different vol%
Cured by DDS
(U cm) Tg (
C) Volume resistivity (U cm)
162.6 2.17  1015
177.8 1.48  1015
169.7 7.61  1014
173.8 4.62  109
172.0 6.28  107
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Fig. 7 SEM fractographs of the 0.984 vol% epoxy–GnP nanocomposites cured by DDS.mode when encountering a rigid obstacle of GnPs. With no
modification made on the GnP surface, the crack could propa-
gate readily along the interface between matrix and GnPs,
therefore leading to debonding. A clear image of crack growth is
seen in Fig. 7f.Conclusion
Graphene platelets (GnPs) of 3.57  0.50 nm in thickness were
fabricated in this study by a cost-effective method, and they may
replace multi-wall carbon nanotube and silicate layers for
fabricating polymer composites of high durability, electrical
conductivity and barrier property.
Epoxy is inherently brittle, to which a major solution is the
incorporation of nanoadditives. Since epoxy resins cured by
different hardeners show different brittleness, stiffness and
strength, which thus suit different applications in industries, this
study employed GnPs to toughen epoxy with two commonly
used hardeners: Jeffamine polyoxypropylene (J230) and 4,40-
diaminodiphenyle sulfone (DDS). DDS-cured nanocomposites
showed a higher improvement (573%) in fracture energy release
rate and a lower percolation threshold (0.612 vol%) for electrical
conductivity, due to good compatibility produced by p–p
interaction between the DDS benzene groups and GnPs,
promoting a higher degree of dispersion and exfoliation of GnPs
during curing.
Based on these findings, our study could pave a path for GnP-
tuned thermal and electrical conductivity in polymers which can
be potentially used in industries, especially microelectronics and
aerospace.Acknowledgements
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